Abstract-Soil semiempirical dielectric models (SEMs) are powerful, and they are generally considered a useful hybrid of both empirical and physical models. In this paper, the Wang-Schmugge dielectric model is improved to more accurately estimate the relative complex dielectric constants (CDCs) of moist soils. Instead of the Debye relaxation spectrum of liquid water located outside of the soil (i.e., free out-of-soil water) adopted in the Wang-Schmugge model, the Debye relaxation formula related to the free-water component inside the soil [i.e., free soil water (FSW)], which is correlated with the soil texture, is employed in the improved SEM. In addition, the effective conductivity loss term related to both soil texture and soil moisture is introduced to explain the ionic conductivity losses of FSW. Since the soil moisture influence is reduced at high frequencies, the effective conductivity loss term related to only the soil texture is also analyzed for 14-18 GHz. As in the Wang-Schmugge model, the relative CDC of bound soil water varies with the soil volumetric moisture content when the soil moisture is lower than the maximum bound water fraction in the new model, which takes a different approach than the Mironov mineralogybased SEM. The proposed model obtains better fitting results than the three most widely employed SEMs. The improved model exhibits a significantly improved accuracy with a higher correlation coefficient (R 2 ), a closer 1:1 relationship, and a lower root-mean-square error, including in the L-band, and especially in the imaginary part of the L-band.
I. INTRODUCTION
T HE dielectric constant in an alternating electromagnetic field is a complex number that describes the propagation of an electromagnetic wave through a material. The real part represents the ability of the material to polarize in response to the electric field compared with the free space, whereas the imaginary part is the ability of the medium to absorb the wave [1] . The study of the dielectric properties of soil based on physical mechanisms is of paramount importance for the retrieval of soil moisture from microwave remote sensing [2] - [8] , especially when the L-band spaceborne microwave radiometers of the Soil Moisture and Ocean Salinity mission and the Soil Moisture Active Passive mission have been successfully launched. Loor [9] examined the dielectric properties of heterogeneous aqueous mixtures and described many phenomena that contribute to the general behaviors of many systems at microwave frequencies. Based on this thinking, researchers have systematically investigated the dielectric properties of soils and have subsequently developed a series of soil dielectric models [10] - [20] . However, semiempirical dielectric models (SEMs), which are quite powerful, are generally considered a useful hybrid of both empirical and physical models [21] . These models often use a volumetric mixing model as their foundation, and they are calibrated for a specific set of soils. They have been widely employed in the retrieval of soil moisture due to their ease of use. Three SEMs have been proposed, namely, the Wang-Schmugge model (herein known as the Wang model) [10] , the Dobson semiempirical model (herein, the Dobson model) [11] , and the mineralogy-based soil dielectric model (also known as the Mironov semiempirical model; herein, the Mironov model) [15] , [20] , which was constructed based on the generalized refractive mixing dielectric model (GRMDM) developed in [19] . In the applications of these three models, adjustable parameters are empirically fit with different measured relative complex dielectric constants (CDCs) to tune the models with input parameters that are easily determined and readily available. Each of the three models incorporates a significant soil texture effect. However, some research has shown that different dielectric models differ greatly in their soil-water retrieval accuracy when the clay or sand content is relatively high (>65%) [22] .
All SEMs and physical dielectric models treat soil-waterair systems (i.e., moist soils) as a mixture of dry soil, air, bound water, and bulk water. To account for the frequency dispersion of moist soils, both the Dobson model and the Wang model use the Debye relaxation spectrum of liquid water located outside of the soil, also known as free out-ofsoil water (FOSW), to describe the CDC of bulk water. The Dobson model was developed based on a rigorous theoretical foundation and a set of high-quality measured CDCs, making it a universally recognized model in the microwave remote sensing field. However, it does not physically distinguish between bound water and bulk water fractions in the soil, and neither the values of the maximum bound water fraction (MBWF), which is used to clearly distinguish between bound water and bulk water, nor the specific dielectric properties of bound water are considered. Consequently, the performance of the model at frequencies less than 4 GHz is limited by the effects of bound water, especially at low moisture contents. Moreover, the model has a high level of uncertainty when used to predict the CDCs of soils that lie outside the ensemble of prototypical soils used for its development, since an empirical constant depending on both the textural composition of the soil and the CDC of bulk water is introduced to determine the contributions of bound water and bulk water. To fully account for the frequency and soil moisture dependence of the CDC, it is necessary to physically treat bound water as a distinct component of the soil-water system, as was concluded in [11] .
The physical Mironov model (based on the GRMDM) treats both bound water and bulk water as bound soil water (BSW) and free soil water (FSW, distinguishable from FOSW), both of which are related to the mineralogy of the soil [19] . It is assumed that both BSW and FSW, which possess constant CDC values, follow Debye's formula, in which the relaxation parameters are dependent of a given soil class. However, the interaction between the BSW and soil is more complicated than that between the FSW and soil. BSW contained within the nearest molecular layers adjoining the soil particles is tightly restrained by the soil particles due to the influences of matric and osmotic forces, and the BSW is directly proportional to the total surface area of the soil particles contained in a unit volume (which is a function of the soil particle size distribution and mineralogy). The matric forces acting on a water molecule decrease rapidly with increasing distance away from the soil particle surface, while the tension of the soil-water interface decreases gradually with an increase in the soil moisture. An investigation on CDC of bound water showed that change in volume of bound water in soil led to the change in its dielectric properties as bound water molecule relaxation time changed and when at a certain wetness of soil, dielectric properties of bound water in it kept constant [23] . Theoretically, the tension between the soil and BSW varies with increasing soil moisture when the soil moisture is lower than the MBWF. Since all of the GRMDM spectroscopic parameters are obtained through laborious dielectric measurements performed for each specific soil type, the practical application of the GRMDM is less convenient than that of the SEM. Therefore, the Mironov model was developed based upon the GRMDM. The Mironov model correlates the spectroscopic parameters in the GRMDM with measured dielectric data and assumes that the BSW (possessing a constant CDC) follows Debye's formula. In the Wang model, in which the CDC of BSW changes with the soil volumetric moisture content when the soil moisture is lower than the MBWF, the CDCs of both ice and FOSW are utilized to determine the CDC of bound water via an adjustable weight factor correlated with the soil texture. Both the Wang model and the Mironov model consider the substantial impact of bound water on the moist-soil CDC, and they both employ the MBWF to clearly distinguish between bound water and bulk water by providing separate relationships to describe the two phases. However, with the clay percentage as the only input parameter of the Mironov model related to the mineralogy, regression dependences were obtained for the GRMDM spectroscopic parameters, and the Mironov model has been tested over the dielectric data utilized for its development; consequently, the Mironov model is a spectroscopic dielectric model capable of predicting the CDCs of moist soils with an error on the same order as the GRMDM. However, the silt, sand, and clay contents can all theoretically affect the CDCs of moist soils, especially at low frequencies. For example, the interaction between dry silt soil (such as 0% sand, 100% silt, and 0% clay) and water should be different from the interaction between dry sand soil (such as 100% sand, 0% silt, and 0% clay) and water, and the difference should decrease as the frequency increases. However, the Mironov model treats these two conditions as the same. The CDC measurements of the soils in both Field 1 (sandy loam: 51.51% sand, 35.06% silt, and 13.43% clay) and Field 3 (silt loam: 30.63% sand, 55.89% silt, and 13.48% clay) from [13, Fig. 6 ] also show differences at 1.4-and 5-GHz frequencies. Both the Dobson model and the Wang model consider the effect of the water content on the conductivity loss. However, in the Mironov model, only the clay percentage is related to the free-water conductivity. The predictions from [15, Figs. 6 and 8] showed that the largest deviations were observed in the lower frequency range for the imaginary part of the CDCs for soils with a significant amount of free water. These deviations can be notably attributed to a poor correlation between the Mironov model fit of the free-water conductivity and the respective GRMDM parameter values [15] .
The key differences among the Wang, Dobson, and Mironov models result from the manner in which they account for BSW, FSW, and conductivity losses. Considering these aspects and the merits of the Wang model compared with the Dobson and Mironov models, this paper introduces improvements to the Wang model, including the improvements on both the real part and the imaginary part of the moist soil CDCs; this improved model is known as the soil semiempirical mineralogy-relatedto-water dielectric model (SSMDM). However, the validation of theoretical calculations is often somewhat difficult, since laboratory analyses of the CDC performed by reproducing precise field conditions in laboratory soil samples are not entirely straightforward. In this paper, we will focus on the theoretical aspects of these problems and address only model comparisons among the measured CDC data used to develop the SSMDM. In contrast to the Debye relaxation spectrum of FOSW adopted in the Wang model, the Debye relaxation formula related to FSW, which is correlated with the soil texture, is employed in the SSMDM. Some studies show that it is necessary to add conductivity losses related to the soil moisture for the imaginary part of the CDC at low frequencies [10] . Moreover, measurements of the imaginary parts of CDCs show that the differences among different soil types increase with the soil moisture, especially at low frequencies. Therefore, an effective conductivity loss term related to both the soil texture and the soil moisture is introduced to explain the ionic conductivity losses of FSW in this paper. Since the effect of the soil moisture diminishes at high frequencies, the effective conductivity loss term related only to the soil texture is also analyzed at 14-18 GHz. Moreover, the imaginary and real parts of both FSW and BSW as well as the values of the dielectric spectroscopic parameters of FSW in the SSMDM are carefully compared with those in the physical Mironov model [19] . [13] , are employed to empirically fit the adjustable parameters of the SSMDM in this paper, similar to the Dobson model. The dielectric measurements were acquired from agricultural fields in the vicinity of Lawrence, Kansas, within a 1.4-18-GHz-frequency range over the entire moisture range of 0-0.4 cm 3 /cm 3 at temperatures of 22 ± −2°C with two measurement techniques. The waveguide transmission technique was used in the 1-2 and 4-6 GHz ranges, while the free-space transmission technique was employed in the 4-18-GHz-frequency range at 2-GHz increments. The soil textures and types of these five samples are shown in Table I .
Both the waveguide transmission technique [13] , [24] - [28] and free-space transmission technique [13] , [28] employ the reflected signals (S 11 ) and transmitted signals (S 21 ) to different devices under test measured by network analyzers, which provide a source for the stimulus in addition to signal separation devices, receivers to detect the signal, and display/processing circuitry to review the results to calculate the relative CDC. The algorithm used to invert for the CDC from S 11 and S 21 is described in [13] and [29] . The waveguide transmission technique requires that the rectangular waveguide material be placed inside a part of the enclosed transmission line. A block diagram of the waveguide transmission measurement setup is shown in Fig. 1 . Instead of a rectangular waveguide, the freespace transmission system uses two small horn antennas and a soil dielectric slab with an antenna separation of 23 cm and a sample diameter of 30 cm [13] . A block diagram of the freespace transmission measurement setup is shown in Fig. 2 .
The downside of the waveguide transmission/reflection method is that the sample preparation is very cumbersome. This method requires the dimensions of the material sample to closely match the transverse dimension of the waveguide, making it difficult to acquire practical measurements. If a gap exists between the measured sample and the waveguide, the measurement error will be substantial. Meanwhile, the free-space transmission technique uses an antenna to focus microwave energy onto or through a sample, and it does not require contact with the material (i.e., there is no need to destroy the measurement object) to collect broadband measurements. Therefore, this technique can be used to measure a material under difficult, high-temperature environments, and it can measure samples with large, flat, parallel surfaces in a uniform medium. However, while the measurement method is simple and easy, the electromagnetic waves are disturbed by many factors in the free space. Therefore, the measurement accuracy is easily affected. Orientation testing can be carried out to meet the needs of conventional tests and some special tests, and wideband sweep frequency measurements of the CDCs of dielectric materials can be acquired. Moreover, the free-space transmission method requires the material to exhibit sufficient loss; otherwise, it will form a standing wave and cause errors. Therefore, this method can be used only at high frequencies above 3 GHz, and its maximum frequency can reach 100 GHz. An investigation [13] revealed that the waveguide technique is easier to utilize, although the sample preparation becomes difficult at frequencies above approximately 6 GHz because of the small waveguide dimension. Conversely, the free-space transmission technique is difficult to use at low frequencies because of the need for a large structure and the large amounts of soil required as samples.
Measurement anomalies are likely attributable to variabilities in the employed dielectric measurement technique and the sample preparation method, which may lead to changes in the soil bulk density as well as other problems. So far, two basic approaches, line-reflect-match (LRM) method and de-embedding method, are mainly used to get rid of the measurement technique systematic error nowadays; de-embedding method uses a model of the test fixture and mathematically removes the error, and the LRM calibration method is a technique developed to reduce the size of the calibration set [30] . De-embedding method by the iterative procedure was used for waveguide transmission technique [13] ; LRM calibration method was used for the free-space transmission technique; and a pulley system was used to connect the horn antennas to vary the sample location between the horn antennas during measurement of the phase shift, and swept frequency loss measurements are used to record and average reflections [13] . In addition, measurements are repeated for several different sample thicknesses and then averaged to nullify the effects of multiple reflections [13] , [28] . The measurement accuracies and precisions of these two CDC measurement techniques were estimated in [13] ; the results of which were in good agreement with the standard-deviationto-mean ratios calculated from repeated measurements for the same dielectric material. Comparisons of both methods at 4 and 6 GHz yielded very similar CDC values. The relative measurement precision of the volumetric moisture content was estimated to be approximately 6% due to the errors involved in the determination of soil bulk densities and the errors in the gravimetric moisture content resulting from changes in the water content (due to evaporation) from the beginning to the completion of a dielectric measurement. A quality evaluation of the measurements revealed that although the absolute precision is small at low moisture contents, the relative error is relatively large due to the small value of the imaginary part of the CDCs. Therefore, only measurements collected when volumetric moisture was larger than 0.08 were used here. Fig. 3 shows the moisture dependences of the CDC for each soil sample at the frequencies of 1.4, 10, and 18 GHz. The curves of the measured samples in Fig. 3 were obtained by smoothing multiple measured data points for the soil samples with polynomial regression fits [13] .
III. MODEL DESCRIPTION

A. General Description of the SSMDM
The improvements in the SSMDM are focused on better describing the conductivity losses, FSW, and BSW. The SSMDM is developed and improved as follows.
1) In contrast to the Wang model, which exclusively employs the Debye dielectric spectrum valid for the water located out of the soil (i.e., FOSW), the SSMDM employs the spectra explicitly related to the water located in the soil (i.e., FSW), for which the Debye formula input parameters are correlated with the water components within the soil. 2) The effective conductivity loss term (σ ueff ) is employed here to account for the ionic conductivity losses of the imaginary part of the CDCs of FSW (ε u ) due to all of the factors in a soil-moisture-air mixture. The SSMDM treats σ ueff as a function of the water content and soil texture for each soil sample with a form that is different from that of existing SEM dielectric models. The effective conductivity loss term, which is related only to the soil texture at high frequencies (14-18 GHz), is also analyzed and discussed here. The assumptions made in the Wang model, in which the CDCs of all components (i.e., dry soil, BSW, FSW, and air) are linearly combined and the MBWF is estimated via the wilting point correlated with soil textures, are also employed herein in the SSMDM. The BSW and FSW are clearly delineated according to the transition moisture (W t ), which is defined as the moisture content at which the free-water phase begins to dominate the soil system, and it is strongly related to the particle size distribution when the value of the soil moisture is equal to the MBWF. Moreover, the assumption of varying BSW dielectric properties with the soil volumetric moisture content is also maintained in this paper.
The CDCs (ε) of moist soils are linearly combined for each component over two separate moisture regions according to W t . The CDC of a moist soil is described as follows:
where the subscripts a, b, u, and s of ε refer to air, BSW, FSW, and dry soil, respectively. ε a , ε b , ε u , and ε s are the CDCs of air, BSW, FSW, and dry soil, respectively. W c is the volumetric moisture of the soil.
The porosity P of a dry soil is defined as follows:
where ρ b is the density of the dry soil, and ρ s is the density of the associated dry solid soil (in units of kg/m 3 ). The transition moistures, which are strongly correlated with the wilting points of the soils estimated from their textures, can be related to the wilting point (W P ) according to an equation derived empirically by Schmugge et al. [31] from the multiple regression of over 100 data sets of soil moisture characteristics. As indicated in the following, these parameters are the same as those in the Wang model [10] :
where CLAY and SAND are the clay and sand percentage contents, respectively, of the dry weight of soil. Then,
B. FSW
Individual water molecules can be considered as electric dipoles. In the presence of an oscillating electric field, those dipoles will try to align themselves with the field. To account for the frequency dispersion of bulk water, the Debye relaxation formula for FOSW is employed in the Wang model. In contrast, considering that the situation of free water in soil is different from that of FOSW, the Debye relaxation parameters of FSW are improved herein to correlate the water components inside the soil with the soil texture. Hence, ε u is derived at a given frequency by assuming a Debye-type relaxation, and the dielectric spectroscopic parameters of FSW (ε 0μ , τ u , and σ ueff ) are empirically fit using nonlinear regression equations derived from the dielectric measurements described in [13] . These parameters are listed as follows:
namely, (10) where ε ∞ is the dielectric constant at the high-frequency limit, which is assumed to equal the value of 4.9, and f is the wave frequency in hertz. ε 0μ is the static dielectric constant of FSW, and τ u is the relaxation time of FSW in second, which is related to the soil texture. σ ueff is the effective conductivity of FSW in S/m, and ε 0 is the dielectric constant for free space, which is 8.854 × 10 −12 F/m. The variables "clay" and "sand" are the percentages of the sand and clay contents, respectively.
C. Effective Conductivity Loss
Losses in soil-air-water systems are mainly sourced from ionic conductivity and polar relaxations, including FSW and BSW relaxation at microwave frequencies between 1.4 and 18 GHz. The ionic conductivity is the result of the presence of salts in the soil dissolved by liquid water of moist soils and a path available through the pore spaces for these ions to travel when subjected to an external electric field. The concentration of these salts increases with the clay fraction of the soil. Ionic conductivity losses play an important role at low frequencies, whereas relaxation losses due to the dipolar relaxation of free water become important at high frequencies. In the Wang model, a conductivity loss (αW 2 c ) is added to the imaginary part of the CDC of liquid water at low frequencies, where α is an empirical coefficient and W c is the soil volumetric water content. Moreover, an investigation showed that a linear relationship between the conductivity loss and soil volumetric water content is a better description of the measured results for some samples. In the Dobson model, 1/m v is directly proportional to the conductivity loss term, which is independent of the ionic conductivity (σ ). In the SSMDM, the effective conductivity loss term (σ ueff ), which is correlated with both the soil texture and the soil moisture, is employed to account for the ionic conductivity losses in the imaginary part of the FSW CDC (ε u ) for soil-water-air mixtures. The proportional relationships between the conductivity losses and both 1/m v and m v are utilized, and the conductivity loss term is modified as follows [see (11) and (12)]. Empirical best fits are generated using nonlinear regression equations derived from the dielectric measurements based upon the 1.4-GHz data (similar to the Dobson model) for frequencies between 1.4 and 12 GHz. Since the effect of the ionic conductivity decreases rapidly with increasing frequency, the fitting is empirically optimal using the nonlinear regression equations derived from the dielectric measurements based upon the 10-18-GHz data for frequencies between 14 
Since the effect of the soil moisture is reduced at high frequencies, the effective conductivity loss term, which is only related to the soil texture at high frequencies (14-18 GHz), is also analyzed and fit. The empirical fitting is best when using the nonlinear regression equations derived from the dielectric measurements based upon the 14-18 GHz data as follows:
D. BSW
Similar to the Wang model, the CDCs of both ice and FSW are used to determine the CDC of bound water (ε b ) via an adjustable weighting factor correlated with the soil texture
where γ is a parameter that can be chosen to best fit the experimental data with a nonlinear regression γ = 0.503 + 3.4597 × 10 −5 × sand − 1.5137 × 10 −3 × clay.
IV. RESULTS AND ANALYSIS
The CDC of a dry soil is essentially independent of the soil texture, temperature, and frequency. Values of 4.7 and 0.2 are employed for the real part (ε r ) and the imaginary part (ε r ) of the dry solid soil CDC, respectively. In addition, the real part (ε i ) and the imaginary part (ε i ) of the ice CDC are assumed to be ∼3.2 and 0.1, respectively, following the Dobson model [11] and the Wang model [10] . The real part (ε a ) and the imaginary part (ε a ) of the air CDC are taken to be 1 and 0, respectively. Since ρ s varies between 2.6 and 2.75 g/cm 3 , it is assumed to be ∼2.65 g/cm 3 for simplicity. Equipped with the above values of the CDCs of each constituent, the CDCs of these five samples are computed.
A. Error Evaluation of the Effective Conductivity at High Frequencies
The effective conductivity loss terms (σ ueff ) at high frequencies (14-18 GHz) that are related to only the soil texture and related to both the soil texture and the soil moisture have both been considered here. Hence, the difference in the results using these two methods is discussed here. Fig. 4 displays the absolute errors between the measurements of ε and the predictions of ε using these two methods. It is evident that the difference is slightly obvious when the soil moisture is lower than the transition moisture (W t ); better results are observed when the loss term σ ueff that is related to both the soil texture and the soil moisture is employed. When the soil moisture is higher than the transition moisture (W t ), the difference is not obvious. In other words, when the soil moisture is controlled by BSW, the use of σ ueff that is related to both the soil texture and the soil moisture is better than the use of σ ueff that is related only to the soil texture. When the soil moisture is controlled by FSW, the difference between the use of σ ueff related to both the soil texture and the soil moisture and σ ueff related to only the soil texture is not as obvious.
B. Evaluation of the SSMDM
First-order linear polynomial regression analyses are then performed for the calculated and measured CDCs. The resulting relationships, including their slopes and intercepts, and the values of the root-mean-square error (RMSE) and correlation coefficient (R 2 ) are fully detailed in Table II . In addition, the results at all frequencies and at the L-band are shown in panels 1 and 2 of Fig. 5(a) for the imaginary part and in panels and 2 of Fig. 5(b) for the real part. The results illustrate that the simulations of the SSMDM show the best agreement with the measurements; high R 2 values of >0.99 are obtained for both the real part of the moist soil CDCs (ε ) and the imaginary part of the moist soil CDCs (ε ) for all five samples at all frequencies. The remarkable accuracy of the dielectric predictions of the SSMDM is indicated by the higher R 2 values as well as by a closer 1:1 relationship in conjunction with smaller RMSE values. Moreover, the simulation capability of the SSMDM in the L-band (1.4 GHz) is greatly improved relative to those of the other models. The employment of the effective conductivity loss [related to the soil texture and soil moisture for all the frequencies (1.4-18 GHz)] makes the improvement for ε particularly salient, which ensures in the case of the soils of [13] , whose dielectric data have been used for the development of the SSMDM. For the real part of the moist soil CDCs (ε ), the respective R 2 and RMSE values of 0.994 and 0.437 obtained by the SSMDM for all frequencies were the highest, followed by the Mironov model . These tests are evidenced that the SSMDM possesses a better capability to generate predictions than the dielectric data set borrowed from [13] , which were used for the development of the SSMDM, as it demonstrates even smaller errors than the other three existing dielectric models.
To analyze the applicability of each of these four SEMs to different soil types, the measured and simulated CDCs for each of the four SEMs for each sample are further compared. The corresponding results against the volumetric moisture at the frequencies of 1.4, 10, and 18 GHz are shown in Fig. 6 . The results for ε show that the differences among these four SEMs are not readily obvious for samples 2, 3, and 4 at all frequencies. Moreover, the simulations between the SSMDM and the Mironov model are very close for all these five samples, except for obvious difference at high frequencies for sample 5 that the SSMDM obtains better fitting results. The fits using the SSMDM are very good for all five soil types at frequencies between 1.4 and 18 GHz. The simulation errors for samples 1 and 5 using the Dobson model are larger than the simulation error results using the other models with a greater deviation, especially at low frequencies. The results for ε show that the applicability of the Mironov model for these five samples is very poor at L-band. Moreover, the applicability of the Dobson model is very poor at high frequencies. For all five types of soil, the best matches with the measured data are obtained by the prediction curves calculated using the SSMDM. The fit results of ε by the SSMDM for 1.4 GHz demonstrate a minor underestimation at high soil moistures for some sandy soils, possibly due to limitations in the measurements of the soil types or the measured data. However, the results are still better than those obtained using the other models. At 1.4 GHz, the simulation capabilities of the Mironov, Dobson, and Wang models are all very poor.
The corresponding CDC results against the frequency at volumetric moistures of 0.12, 0.24, and 0.36 cm 3 /cm 3 are shown in Fig. 7 . The results for ε show that the differences between the Wang model and the SSMDM for all five samples are not readily obvious at a volumetric moisture of 0.12, where the water can be attributed to BSW; except for samples 2, the results closed to the measured values are obtained at this volumetric moisture. Moreover, the fits using the SSMDM are the best among all five soil types at volumetric moistures of 0.24 and 0.36. The difference between the Wang model and the SSMDM is the most obvious at moderate and high volumetric moisture contents for sample 5, which has higher clay content than the other samples, followed by sample 1, which has the highest sand content. Since the influence of the soil moisture is reduced at high frequencies and the effect of the ionic conductivity decreases rapidly with an increase in the frequency, two different relationships are detected at the frequencies of 1.4-12 and 12-18 GHz. The relationship for 1.4-12 GHz is empirically fit using nonlinear regression equations derived from only dielectric measurements at 1.4 GHz, which is similar to the Dobson model, while the relationship for 12-18 GHz is empirically fit using nonlinear regression equations derived from the dielectric measurements at 10-18 GHz. The results for ε show that the fits using the SSMDM are the best, and they closely follow the trend of the measurements for all samples at each frequency, especially at L-band. The influence of ionic conductivity loss decreases with the increase of the frequency, whereas the influence of dipolar relaxations becomes important at high frequencies. The measurements of ε describe that there is an extremely low value around 4 GHz, especially for soil samples with a greater clay content. This phenomenon can be well described by the SSMDM, whereas the Mironov model cannot completely represent that. However, due to different relationships at the frequencies of 1.4-12 and 12-18 GHz, there is a small discontinuity in the transition band at a high volumetric moisture that is not obvious at low or moderate volumetric moisture contents.
C. Parametric Analysis
The values of ε 0u and τ u , which are correlated with the soil texture, are shown in Table III . The real parts of the FSW CDC (ε u ) and the BSW CDC (ε b ) are displayed in Fig. 8 . As shown in Table III , the value of τ u for sample 1 is slightly larger than the mean value for sample 1 as reported in [19] , in which it was estimated to be 7.31. However, the value of τ u for sample 5 is equivalent to that in [19] , in which it was estimated to be 7.99. Moreover, ε 0u values obtained here are smaller than those reported for samples 1 and 5, which were estimated to be 122.82 and 97.93, respectively. Furthermore, ε 0u values for the FSW of samples 1-5 at temperatures ranging from 20°C to 25°C depend on the specific type of soil. ε b values in Fig. 8 are obtained when the soil moisture is equal to or larger than W t . ε u and ε b exhibit notable frequency dispersion, especially at low frequencies; moreover, the values of the former are generally smaller than those given in [19] , while values of the latter displayed in Fig. 8 have an equivalent magnitude. ε b values in Fig. 8 indicate that the silty clay soil (sample 5) has lower values, while the sandy loam (sample 1) demonstrates the opposite trend, which is consistent with previous research.
Finally, the imaginary parts of both the FSW (ε u ) and the BSW (ε b ) can be computed, and the results are displayed in Fig. 9 . The first panel presents the effective conductivity parameter (σ eff ) of the FSW at frequencies of 1.4-12 GHz; evidently, σ eff is strongly related to the soil texture, especially when the soil volumetric water content is increasing, which was not considered in [19] . The values of σ eff obtained herein are generally larger than the corresponding values given in [19] . σ eff varies from 0.533 to 2.226 S/m for the five soil types when the soil moisture is equal to 0.4 cm 3 /cm 3 . The observed magnitudes of σ eff imply that soils with a higher clay content have a higher ionic conductivity than soils with a higher sand content, which is consistent with the results reported in [19] . In addition, the range of σ eff for the sandy soils with increasing soil moisture is larger than the observed range for the soils with high clay content. As seen from the second and third panels of Fig. 9 , the imaginary parts of both the BSW and the FSW exhibit noticeable frequency dispersion. The effect of the soil moisture on the imaginary part of the BSW is considerable, especially with increasing frequency. The values of ε u are generally smaller than those reported in [19] , while the values of ε b have an approximately identical magnitude.
V. CONCLUSION
The Wang-Schmugge dielectric model has been improved to describe the dielectric behaviors of moist soils at frequencies in the range from 1.4 to 18 GHz based on the measured data reported in [13] , while the merits of the original model have been retained. FSW is treated as free water within the soil in consideration of the effects of the soil texture. In addition, the FSW effective conductivity loss term (σ ueff ) related to both the soil texture and the soil moisture has been employed to explain the conductivity losses of FSW. Moreover, the effective conductivity loss terms (σ ueff ) at high frequencies (14) (15) (16) (17) (18) that are related to only the soil texture and related to both the soil texture and the soil moisture have been considered in this paper. The results show that σ ueff related to both the soil texture and the soil moisture is better than σ ueff that is related to only the soil texture when the soil moisture is controlled by BSW. When the soil moisture is controlled by FSW, the difference between σ ueff related to both the soil texture and the soil moisture and σ ueff related to only the soil texture is not so obvious. For moisture contents below the transition moisture, the CDC of BSW is determined by the CDC of both ice and FSW with their corresponding weighting values, which can be approximately estimated by W t and γ provided the soil texture structure is known.
The improved SEM, known as the SSMDM, requires input data that are easily available, and it yields better agreement with the measured data than the other three existing SEMs. The employment of the effective conductivity loss particularly improves ε that ensures in the case of the soils used for its development. The simulations of the SSMDM show the best agreement with measurements possessing high R 2 values of >0.99 for the real part of the CDCs (ε ) and >0.98 for the imaginary parts of the CDCs (ε ) for all five samples. Simulations of both ε and ε are evidence of the applicability of the SSMDM for describing the dielectric properties of the five types of moist soils. Moreover, the simulation capability of the SSMDM in the L-band (1.4 GHz) is more improved than those of the other models, especially with regard to ε . However, the fit results of ε at 1.4 GHz are slightly underestimated at high soil moistures for some sandy soils, possibly due to limitations in the measurements of soil types or the measured data. However, these results are still better than those from the other SEMs. The values of the dielectric spectroscopic parameters are compared and analyzed with the corresponding values in the physical Mironov model.
Since the relaxation times, static dielectric constant, effective conductivity losses, and γ were empirically fit with dielectric measurements, the validity of these results is heavily dependent upon the measurement accuracy of ε meas and of the soil physical parameters, including m v , ρ b , and the soil texture, in addition to the possible effects of soil organic matter and soluble salts (which are not considered in the soil or dielectric mixing models). Moreover, there is some uncertainty in the relationships within the SSMDM that are used to estimate ε and ε in general situations, since CDCs have been measured for only a limited number of cases. In this regard, the following fundamental recommendations are given for future studies.
1) The necessary calibration will require measurements for a wider range of textures and temperatures. Furthermore, the temperature will need to be considered as a parameter within future SEMs. 2) Future studies must be more focused on inorganic soils with physical properties that are more strictly defined than the agricultural soils examined in this paper.
